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CF3;Br AND OTHER SUPPRESSANTS: DIFFERENCES IN EFFECTS
ON FLAME STRUCTURE
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We report the results of modeling studies of premixed, atmospheric pressure, methane/air flames in-
hibited by the following agents: Ny, CF,, Fe(CO)s, NaOH, CF3;CHFCF3, CF;CH,F, and CF3Br. These
agents comprise inert, catalytic, and hydrofluorocarbon suppressants. The effects on the flame structure
and chemistry of CF3Br, which is often used as a benchmark for alternative fire suppressants, are compared
to those of the other agents. These comparisons show that the behavior of CF3Br is atypical of fire sup-
pressants which act by efficient catalytic scavenging of flame radicals. Chemical saturation effects, depen-
dence of inhibition efficiency on flame temperature, and changes in flame structure all differ significantly
between CF3Br and other catalytic substances, including iron and alkali metals. Various correlations pro-
posed between burning velocity and global flame properties such as peak radical concentrations all break
down for one or more of the suppressants studied. Comparison of flame structure results show that this
effect results from non-uniform reduction of radical concentrations throughout the flame; both CF;Brand
non-brominated fluorocarbons cause the greatest relative reduction of radicals early in the flame. The use
of CF3Br as a performance benchmark for new fire suppressants is appropriate from an engineering
standpoint. The atypical aspects of CF3Br’s behavior compared to other chemical inhibitors, however,
indicates that care is required in inferring general principles in structure and chemistry of suppressed

flames.

Introduction

The production ban on CF3Br (halon 1301) has
led, paradoxically, to increased research devoted to
understanding its mechanism of suppressing com-
bustion. Implicit in these studies is the assumption
that detailed knowledge of the suppression mecha-
nism and performance of CF3Br will prove a useful
guide in identifying new classes of suppressants
whose effectiveness is equal to or greater than that
of CF5Br.

Since much of the recent research on fire safety
has been focused on finding environmentally ac-
ceptable alternatives to CF3Br to provide equivalent
protection against a specified fire threat, the effec-
tiveness of the prospective substitute agent relative
to CF3Br in practical situations is an important pa-
rameter for system engineering. Additionally, the in-
hibition properties and flame chemistry of CF;Br
have been studied for many years [1-5], so knowl-
edge of its behavior far exceeds that of most other
suppressants. For this reason, CF3Br has often been
considered in both experimental and modeling stud-
ies as a representative suppressant.

The question remains of how applicable the
knowledge gained in recent years on CF3Br will be
to identifying alternative suppressants. Is CF;Br
“typical” of efficient fire suppressants in general?
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Will all promising replacements for CF3;Br show
similar behavior? Is commonality of properties with
CF3Br a useful guide in the search for alternatives?
To this end, we have performed modeling studies of
premixed flames containing substances representa-
tive of different classes of inhibitors, including inert
gases, fluorocarbons, and catalytic scavengers of
flame radicals. While suppression of non-premixed
flames is the typical scenario in fire extinguishment,
the behavior of suppression agents in premixed
flames is important in mitigating deflagrations and
protecting against reignition. F urthermore, a large
body of suppression data in different types of flames
compiled by Babushok and Tsang [2] shows that for
many agents, extinction of non-premixed flames cor-
relates with reduction of burning velocity in pre-
mixed flames.

Types of Suppressants

Suppressants may be categorized based on how
they inhibit combustion [6]. We term as “physical
suppressants” substances (such as nitrogen, argon,
CF,, and water) which do not participate in flame
chemistry to a significant extent. Physical agents in-
hibit combustion principally by adding heat capacity
and by diluting the reactants. By contrast, “chemical
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suppressants” are substances which do participate in
flame chemistry.

Chemical suppressants may be subdivided into
two groups: catalytic suppressants (including bro-
mine, iodine, and various metallic elements) reduce
concentrations of flame radicals through a regener-
ative cycle in which one molecule of suppressant re-
combines several flame radicals, whereas non-cata-
lytic chemical suppressants (e.g., fluorocarbons)
reduce concentrations of flame radicals by scaveng-
ing, but do not support a catalytic cycle and are gen-
erally less effective. With the exception of water mist
[7], all highly effective agents identified to date are
catalytic scavengers [2]. Although CF3Br is viewed
as a catalytic suppressant due to an H + H recom-
bination cycle involving the bromine atom, the fluo-
rocarbon moiety contributes some non-catalytic sup-
pression as well [6]. The bromine scavenging cycle
has relatively modest efficiency compared to the cy-
cles of a number of other elements, including alkali
and transition metals [2,5].

Here we compare the effect on burning velocity
and structure of CF3Br with those of the catalytic
inhibitors NaOH and Fe(CO)s, the non-catalytic hy-
drofluorocarbons CF;CHFCF; (HFC-227ea) and
CF;3;CH,F (HFC-134a), and the inert agents Ny and
CF,. CF, undergoes little decomposition in the re-
action zone of most flames [8] and is thus a physical
agent.

Computational Methodology

The PREMIX code [9] was used to compute burn-
ing velocities and flame structures of atmospheric
pressure, stoichiometric methane/air flames with
and without suppressants. A domain of 85 cm was
used in the calculations, extending 25 ¢cm from the
reaction zone on the cold boundary and 60 cm from
the reaction zone on the hot boundary. The mesh
extension and refinement were so that the spacing
between the outermost grid points on each boundary
was 1 cm, to minimize any temperature or species
gradients at the boundaries. Multicomponent trans-
port formulations, as well as the Soret effect for the
species H and H,, were used for all calculations. Re-
finement tolerances of 0.1 for the normalized species
gradient (GRAD keyword) and 0.2 for the normal-
ized second derivative (CURV keyword) were used
for all calculations. The final meshes typically con-
tained 90-125 grid points, depending on the number
of additional species introduced by the inhibitor
chemistry.

Comparison of the PREMIX results with thermal
equilibrium calculations for several inhibited and
uninhibited flames showed that at the final grid
point, temperatures were within 5 K and radical con-
centrations of H, OH, and O within a few percent
of their equilibrium values. Thus, in the discussion
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below, the radical equilibrium values and adiabatic
temperatures were assumed to be those calculated
at the hot boundary. All flames were stoichiometric,
atmospheric pressure methane/air, with the inhibi-
tors listed above added in various concentrations.
For the hydrocarbon chemistry, the GRI-MECH
2.11 [10] (excluding nitrogen chemistry) was used as
the chemical kinetic mechanism. For the uninhib-
ited, stoichiometric methane/air flame, a predicted
burning velocity of 39.5 + 0.2 cm/s was obtained.

The fluorocarbon chemistry was based on the
mechanism developed by Westmoreland et al., as re-
fined in previous studies performed in our laboratory
[11,12]. The bromine chemistry used in the model-
ing of CF3Br was that developed by Noto et al. [3].
The kinetic mechanism for NaOH was based on that
of Zamansky et al. [13], while that for Fe(CO)5 was
described by Rumminger and Linteris [14]. NaOH
must vaporize before being able to participate in the
flame chemistry, but the PREMIX code has no pro-
vision for inclusion of condensed-phase species. To
simulate the evaporation effect, the sodium hydrox-
ide was therefore assumed to initially consist of the
gas-phase dimer NayOoH,, which was required to
dissociate (AH; = 42 kcal/mol) before inhibition
chemistry could proceed. Ny and CF, were assumed
inert: no nitrogen or fluorine chemistry was included
in the respective calculations.

Inhibition Parameter

The effectiveness of an inhibitor at reducing burn-
ing velocity in a fuel/oxidizer mixture may be placed
on a quantitative basis in terms of the inhibition pa-
rameter @ proposed by Rosser et al. [15] and mod-
ified by Noto et al. [3]:

@ = In(Uy/U)(Xpe/X)) (1)

where U, and U; are the burning velocities of the
uninhibited and inhibited flames, respectively, and
Xog and X; are the reactant mole fractions of oxygen
and inhibitor. In Ref. [3], the burning velocity of a
given fuel/air mixture was found to exhibit an ex-
ponential dependence on concentrations of several
inert and fluorocarbon inhibitors, including CF;Br.
A constant value of @ with inhibitor concentration
indicates that the exponential behavior found in Ref.
[3] holds.

Catalytic radical scavengers necessarily manifest
saturation effects, because catalysis cannot reduce
concentrations of flame radicals below the thermal
equilibrium level at the local flame temperature. The
existence of a similarity transform, obtained by solv-
ing Equation 1 for U; [3], which causes the flame
speed reduction curves for CF3Br and noncatalytic
agents to coincide, is thus somewhat unexpected.

Changes in burning velocity, adiabatic flame tem-
perature, radical superequilibrium, and inhibition
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FIG 1. Burning velocity, final flame temperature, inhi-
bition parameter (equation 1), and superequilibrium con-
centrations (see text) of flame radicals computed for at-
mospheric pressure stoichiometric methane/air mixtures
inhibited by sodium hydroxide. To simulate the evaporation
process, NaOH was added to the reactants as a dimer and
required to undergo an endothermic decomposition pro-
cess before inhibition chemistry could occur.

parameter @ are plotted as a function of (NaOH),
concentration in Fig. 1 and CF3Br concentration in
Fig. 2. Error bars for @ were determined by prop-
agating a change of 0.2 cm/s in the inhibited flame
speed (the estimated computational uncertainty for
the mesh refinement tolerances used) to determine
the change in @ in equation 1; the points at low
inhibitor concentrations have high uncertainties in
@ due to the small reductions in burning velocities.
We define the radical superequilibrium as the ratio
of the peak concentrations of the radical to its con-
centration at thermal equilibrium at the adiabatic
flame temperature. The value for this ratio will al-
ways be unity or greater; greater than unity means
the radical exists in superequilibrium concentration
somewhere in the flame.

Comparing the inhibition parameter in Figs. 1 and
2, dramatically different behavior is seen. For so-
dium, the inhibition parameter is not constant as a
function of inhibitor concentration, but varies by
more than a factor of 3 over the range of sodium
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FIG 2. Burning velocity, final flame temperature, inhi-
bition parameter (equation 1), and superequilibrium con-
centrations of flame radicals computed for atmospheric
pressure stoichiometric methane/air mixtures inhibited by
CFBr.

concentrations considered here. The similarity re-
lationship identified in Ref. [3] does not hold for
sodium. For CF3Br, by contrast, the inhibition pa-
rameter is nearly constant as a function of inhibitor
concentration. By comparison, for the inhibition pa-
rameter of Ny, up to a 50% reduction in burning
velocity maintains an almost constant value of 0.5
(data not shown). The present results for CF3Br
agree with the findings of Noto et al. [3], although
the modifications to the fluorocarbon kinetics yield
better agreement with the experimental value of
14.0 for the inhibition parameter, compared to the
value of 11.1 reported in Ref. [3]. The value of ap-
proximately 100 for the inhibition parameter of
(NaOH), per sodium atom at low concentrations
compares to values obtained from experimental data
on various sodium compounds ranging from 114 to
200 [2].

Radical Superequilibrium

In Fig. 1, the radical superequilibrium is drasti-
cally reduced with increasing NaOH. For inert
agents, by contrast, the radical superequilibrium is
increased as the flame is inhibited. When the flame
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F1G 3. Burning velocity and differential inhibition pa-
rameter (equation 2) computed for atmospheric pressure
stoichiometric methane/air mixtures inhibited by nitrogen
and FeO, in combination.

speed is reduced by 40% by addition of N,, for ex-
ample, the H-atom superequilibrium increases from
17 to 70. Although peak radical concentrations de-
crease as an inert agent is added, the reduction in
flame temperature reduces the equilibrium concen-
trations proportionately more.

For inhibition by CF3Br (Fig. 2), the degree of
radical superequilibrium is also reduced with in-
creasing agent concentration, although not as dra-
matically as for sodium. CF3Br reduces the H-atom
superequilibrium by only 30% for a 50% reduction
in burning velocity; NaOH reduces the H-atom su-
perequilibrium by nearly 80% at a 50% burning ve-
locity reduction. This finding supports the conclu-
sion of Saso et al. [4] that saturation is a minor effect
in the suppression effectiveness of CF3Br/inert
mixtures. Saturation is not as pronounced for CF3Br
inhibition because the peak radical concentrations
remain far from equilibrium for substantial reduc-
tions in burning velocity.

Another factor contributing to the lack of a satu-
ration behavior for CF3Br is that the bromine cata-
lytic cycle involves the sequence of reactions [1]

Br + Br + M = Br, + M (R1)

H + Br, = HBr + Br (R2)

as an important pathway in regeneration of HBr. The
direct reaction
H + Br + M = HBr + M (R3)

has slow kinetics. This has two consequences: the

second-order dependence of reaction R1 on the bro-
mine concentration compensates for the saturation
effect with increasing CF3Br concentration. Also, a
high concentration of bromine is required for this
reaction to be significant, leading to a much smaller
inhibition parameter for bromine than for iron and
sodium [2], whose scavenging cycles are not thought
to depend on second-order kinetics.

Synergism between Catalytic
and Physical Agents

Several experimental and modeling studies have
observed that the effectiveness of CF5Br [4,16] as
well as other chemical agents [17,18] can be en-
hanced by the addition of a physical agent. Saso et
al. [4] attributed synergism in mixtures of CF3Br and
inert inhibitors to a temperature effect on the inhi-
bition effectiveness of CF5Br, rather than a satura-
tion phenomenon. Over a range of adiabatic flame
temperatures, Saso et al. found CF3Br to have vir-
tually identical inhibition parameters at concentra-
tions of 0.5% and 1% in methane/oxygen/inert
mixtures, indicating the absence of significant satu-
ration effects.

To extend the computational investigation of syn-
ergy to other combinations of agents, inhibition by
iron was modeled in combination with nitrogen. For
this modeling, iron was considered to participate in
a three-step mechanism involving only O + O re-
combination. This pathway was identified by Rum-
minger and Linteris [14], but is usually secondary in
importance to an H + H recombination pathway.
This model is not intended as an accurate descrip-
tion of iron’s combustion chemistry, but rather to
consider whether synergism occurs in the absence
of a temperature dependence on the inhibition ki-
netics.

Of the three reactions making up the O + O cat-
alytic cycle of iron:

FeO, + O = FeO + O, (R5)
FeO + O = Fe + O, (R6)

R5 and R6 are assumed to have rate coefficients in-
dependent of temperature. Reaction R4 has a slight
increase in rate with increasing temperature, but the
product of the rate coefficient and the number den-
sity of third-body colliders varies by less than 10%
over the temperature range from 1400 and 2500 K.

The iron + nitrogen combination exhibits syn-
ergy, as seen in Fig. 3, which plots burning velocity
and differential inhibition parameter of the O + O
cycle of 500 ppm FeO, as a function of nitrogen
addition. We define the differential inhibition pa-
rameter for inhibitor B in the presence of inhibitor
A as
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FIG 4. Relationship between burning velocity and peak
concentration of atomic hydrogen for methane/air flames
inhibited by various compounds. The Ny + Fe data is that
presented in Fig. 3, containing a FeO, as a reactant as-
sumed to operate via an O + O inhibition cycle.

@ = In(Ua/Us+5)(X02/Xs) (2)

where Uy and U, , p are the burning velocities in the
flames inhibited by inhibitor A alone and A and B in
combination, respectively. The differential inhibition
parameter of 500 ppm FeO increases by some 23%
as the flame temperature is lowered by nitrogen ad-
dition from 2230 to 2010 K. Saso et al. [4] found that
the inhibition parameter of CF;Br increased by
some 45% (at both 0.5% and 1.0% mole fractions of
agent) over the same range of final flame tempera-
tures.

While the findings of synergism agree qualitatively
between CF4Br/inert and Fe/inert mixtures, the fi-
nal flame temperature influences the inhibition pa-
rameter of CF3Br twice as much as that of the O +
O recombination cycle of iron, due to the lack of
explicit temperature dependence of the Fe kinetic
cycle. Thus, these results show that synergism in
catalytic/inert mixtures does not require tempera-
ture dependence of the inhibition cycle, although
this can influence its magnitude.

Correlation of Burning Velocities
with Changes in Flame Structure

Padley and Sugden [19] observed in studies of
Hy/O9/Ny flames that the burning velocity corre-
lated with the partial pressure of atomic hydrogen
in the reaction zone. More recently, this correlation
has been observed to hold also for hydrogen flames
inhibited by CF3Br [20]. Fig. 4 plots the peak H
atom concentration against burning velocity for a va-
riety of inhibited methane/air flames. For methane
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flames inhibited by Ny, CF,, and CF3Br, there is a
nearly identical linear relationship between the peak
H-atom mole fraction and burning velocity, as with
the hydrogen flames.

Examination of the effect of other inhibitors, how-
ever, demonstrates that this correlation is not a gen-
eral one. The fluorocarbon agents CF3CHFCF5 and
CF3;CH,F both reduce burning velocity more than
would be expected based on the peak H-atom con-
centrations. Inhibition by sodium or iron produces
the opposite effect. Noteworthy in the sodium data
is the curvature which coincides with the onset of
saturation. The coincidence of the CF3Br data points
with those of the inert agents appears to be acciden-
tal. The calculations for the fluorocarbons and cat-
alytic agents lie on opposite sides of those of the inert
agents, and CF3Br is in some sense a combination
of the two.

An alternate correlation between burning velocity
and flame structure can be based on the proportion-
ality between the burning velocity and the square
root of the overall reaction rate [4]. In modeling the
burning velocity of a large number of inhibited
flames, we find the burning velocity correlates in al-
most all cases with the product of the peak H-atom
mole fraction and a global activation energy:

St = AXXy exp(—E/kTy) (3)

where Sy, is the laminar burning velocity, Xy the
peak mole fraction of atomic hydrogen, and T} the
final flame temperature. The fitted parameters A and
E,, obtained by considering the flame inhibited by
nitrogen, are A = 7940 cm/s, E, = 24.7 kcal/mol.
The same empirical correlation holds for inhibition
by other inert gases, by iron and sodium, by nitrogen
and iron in combination (Table 1), and by artificially
increasing the H + OH recombination rate. For cat-
alytic agents which do not significantly change the
final flame temperature, the burning velocity corre-
lates with the square root of the H-atom peak mole
fraction, but not with those of atomic oxygen or OH
radicals.

The effect of catalytic agents on reducing burning
velocity appears to proceed through reduction of the
atomic hydrogen concentration, whether or not the
scavenging cycle directly involves H-atom recombi-
nation (as in the O + O cycle of iron). Table 1 com-
pares the burning velocities estimated using equa-
tion 3 to the calculated values for a variety of flame
inhibitors. In almost all cases, the reduction in burn-
ing velocity relative to the uninhibited flame pre-
dicted by equation 3 is within 10% of the result of
the PREMIX calculation.

The correlation stated in equation 3 greatly un-
derpredicts flame speed reduction by the fluorocar-
bons CHF;5 and C3HF-, as well as CF;Br and HBr.
Flame structure modeling indicates that the break-
down of this relationship involving the peak H-atom
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TABLE 1
Comparison of calculated burning velocities to values from equation 3

S

eqn

= A(Xll,\nux GXP( - Eu/ded))l/z

A = 7940 cm/s

E, = 24.7 keal/mol

Flame Condition T diabatic Xi max Spremix Seqn AS premic/ ASeqn”
CH,/air (uninhibited) 29234 6.64e — 3 39.8 39.8 —
+9.09% N, 2121 5.12e — 3 30.2 30.2 1.00
+16.67% Ny 2015 3.94e — 3 22.6 22.7 1.01
+8.26% CF, (inert) 1968 3.50e — 3 18.4 19.9 1.07
+200 ppm Fe(CO)s 2223 1.46e — 3 18.4 18.6 1.01
+1.0% CF3Br 2203 3.42e — 3 18.9 27.6 1.71
+0.5% HBr 2221 5.36e — 3 30.3 35.2 2.08
+3.8% CF;CH,F 2031 4.11le — 3 15.5 23.9 1.54
+2.9% CF;CHFCF; 2161 3.86e — 3 16.3 26.1 1.73
+0.05% (NaOH), 2219 2.97e — 3 28.0 26.2 0.87
+0.40% (NaOH), 2177 3.3le — 4 9.4 8.3 0.97
Increase H + OH + M rate X 100 2234 1.35e — 3 19.8 18.0 0.92

%(39.6 — Sprenin)/(39.6 — Seqp)
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FIG 5. Mole fraction of atomic hydrogen as a function
of local flame temperature for an uninhibited atmospheric
pressure methane/air flame, and the same flame inhibited
by the indicated suppression agents.

concentration is a consequence of these agents re-
ducing the H-atom concentration mostly in the early
part of the flame, prior to the peak concentration, as
discussed below.

Changes in Flame Structure due to
Different Agents

Insight into why the correlation between burning
Velocity, H-atom concentration, and temperature

does not hold for either fluorocarbons or bromine-
containing compounds can be gained from exami-
nation of these compounds’ effects on flame struc-
ture. In Fig. 5, the mole fraction of atomic hydrogen
is plotted against the local temperature for flames
inhibited by a variety of agents. All the inhibited
flames have burning velocities approximately 50%
that of the uninhibited flame, whose structure is also
plotted for comparison. For all the flames consid-
ered here, the temperature monotonically increases
with position passing from reactants to products.
The relationship between H-atom mole fraction
and local temperature shown in Fig. 5 appears to be
characteristic of each type of agent except for CF3Br.
The physical agents reduce the final flame tempera-
ture, but the H-atom mole fraction at a given iso-
therm (above approximately 1300 K) is changed very
little from its value in the uninhibited flame. Both
iron and sodium reduce the H-atom mole fraction
by a relatively constant factor throughout the reac-
tion zone. The fluorocarbons reduce the H-atom
mole fraction early in the flame (in the region below
about 1200 K) but have relatively little impact on the
peak concentration. This diminished effectiveness at
the location of maximum hydrogen atom concentra-
tion also occurs for CF3Br; in this respect, CF3Br
bears more resemblance to non-brominated fluoro-
carbons than it does to other catalytic agents such as
iron and sodium. Since Babushok et al. [5] found
that iron approaches the performance of an “ideal”
catalytic inhibitor, the different effect of CF3Br on
flame structure from that of iron and sodium indi-
cates a departure from ideality; in particular, it only
scavenges radicals significantly in low-temperature
regions of the flame. It is noteworthy that all the
flames inhibited by chemically active suppressants
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show nearly equal reductions in H-atom mole frac-
tion at 1700 K. In the flames inhibited by inert
agents, the H-atom concentration at this isotherm is
essentially the same as in the uninhibited flame.
Therefore, the H-atom mole fraction at 1700 K (or
any other fixed temperature) cannot be used as a
predictor of burning velocity which is applicable to
all inhibited flames. Given the different influences
of the suppressants on flame structure, it seems un-
likely that an empirical relationship between flame
speed and some other quantity can be found which
applies to all suppressed flames.

The depletion of radical species early in the flame
has a marked influence on the burning velocity. It is
for this reason that fluorocarbons and bromine com-
pounds are better inhibitors than the changes in
temperature and peak H-atom concentrations would
predict. This observation suggests that agents which
deplete radicals in high-temperature regions but not
early in the flame are likely to be less effective in-
hibitors than would otherwise be expected. This may
be the case for condensed-phase agents which must
vaporize before inhibition can begin.

Conclusions

We have modeled the effect of CF3Br and other
representative physical and chemical fire suppres-
sants on the burning velocity and flame structure of
premixed methane/air flames. In several respects,
CF3Br is not representative of catalytic fire suppres-
sants in general. Several features of its kinetics, in-
cluding the strong temperature dependence of the
catalytic suppression cycle, the apparent absence of
significant saturation effects for a burning velocity
reduction of more than 50%, and the preferential
reduction of atomic hydrogen concentrations in low-
temperature regions of the flame, are not shared by
other catalytic suppressants. Other catalytic agents
including sodium and iron exhibit behavior much
more typical of this class of suppressants. For these
reasons, caution is required in extrapolating the sup-
pression properties observed for CF3Br to other fire
suppressants.
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